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STTUATED IN A REGION OF APPRECIABLE BOUNDARY IAYER.
I — ADDITION OF ENERGY TO THE BOUNDARY LAYER

By Wallsce F. Devie and George B. Brajnikoff

SUMMARY

A model having a nozzle upstream of an annular duct inlet for
the purpose of ejecting high-~velocity alr inbo the boundary leyer
of the flow along the forebody was tested at Mach numbers between
1.36 and 2,01. The size and location of the nozzle and the total
yressure of the alr in the Jet were wvaried to determine thelr
effects upon the pressure recovery attalnable after diffusion
through the duct inlet. The results of the tests showed that the
maximm total-pressure recovery waa greater than that of a model
having no alr ejJected. The causes of the greater recovery were
the delsy in the separation of the boundary layer that resulted
from mixing between the boundary layer and the Jet and also the
reduction in the intake Mach number caused by an oblique shock
wave that orliglnated from the nozzle outlet when the free boundary
of the Jet was divergent.

If the high-pressure alr ejected through the nozzle were
supplied by the compressor of & turbo-Jjet englne contalned in the
model, the improvement in the pressure recovery measured during
the tests would not be entlrely useful in increaslng the thrust
force of the engine, because some of the avellable energy would
have to be used to recirculate the air. C(alculations showed that
recirculating alr through the intake system of an assumed englne
caused an 8-percent improvement in the pressure recovery effective
in producing thrust. This improvement would probably be larger if
the tests were performed under full-scale flight condlitions.

INTRODUCTION
The results of & preliminary investigation at supersonic speeds
of annuler duct inlets situated in a region of appreciable boundary
layer show that the recovery of total pressure aefter diffusion was
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about two—thirds thet of & normel shock wave occurring at the free—
stream Mech number. (See reference l1.) The total—pressure recovery
was relatively low because the severe adverse pressure gradlent
produced by a rapld deceleration of the flow lnside the diffusor
caused the boundary layer to thicken and to separate upstream of the
duct inlet. In order to improve the recovery, the intenaity of the
campression lngide the duct must be decreased, the amount of low—
energy alr of the boundary layer that enters the inlet must be
diminished, or both factors must be reduced simultaneously.

These principles were used In the design of the modelas described
in reference 2. The rate of compression of the supersonlc stream
was decreesed by creating an obligue shock wave upstreem of the duct
inlet to reduce the Mach mumber et which the me Jor portion of the
compression occurred. The amount of boundary layer relative to the
total mass of alr flowlng through the intake was diminished by
usling an intet of the same area ag the annular entrances but which
enclosed only a portion of the forebody. The maximum recovery of
total pressure that was attained in the teste of these models, was
about four—£ifths that of a normal shock wave.

Another method for diminishing the amount of retarded alr that
flows through the inlet 1s to accelerate the boundary layer of the
flow over the forsbody by ejecting & stream of high—veloclty alr
along the surface upstream of the duct 1Inlet. Such a system might
be practical for alrcraft propelled by turbo-jet englnes because
high—pregssurs alr 1s available from the compressor of the engine.

If a small portion of thils alr were reclrculated and ejJected through
a nozzle into the boundary layer, separation of the flow might be
deferred with a resultent increase 1n the recovery of total pressure
at the face of the compressor, The thrust force of the engine
would be increased if the galn in the available energy due to the
improved pressure recovery were greater than the amount of energy
expended in recirculation. It is the purpose of the present report
to investlgate the fesslbillty of such a system.

SYMBOLS
H total pressure
M Mach number
A area
m rate of mass flow

x distance between the nozzle outlet and the duct entrance
CERERE
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The subscriptg indicete the statlon of the measured guantity.

o] free stream
1 duct entrance
2 reservolr of the nozzle

8 settling chamber

4 exlt threoat

APPARATUS AND TESTS

The tests were performed in the Ames 8~ by 8—inch supersomnic
wind tunnel at Mach numbers between 1.36 and 2.01 and Reynolds
numbers, based upon the length of the body ahead of the entrance,
of 2.21 $0°3.10 million. The apparatus end méthods used during the
investigation are described in reference 1.

The model and the equipment for supplylng high-pressure air
are shown in figure 1, and the dimenslons of the model are glven in
figure 2. Except for the presence of the annular nozzle, the model
is similar to modsl B of reference 1. The forebody, which consigts
of a 10—caliber oglval nose followed by a cyllndrical section, is
five forebody dlamsters in length. The pressure dlstributlion over
this shape rroduces a local Mach number at the duct Iinlet that i1s
very nearly equal to that of the free stream. The proJected frontal
area of the amnular inlet is 34.8 percent of the aree enclosed by
the outside lip of the entrance. The subsonlc diffusor diverges
at an equivalent cone angle of 10° with an area ratio of L4.U5 between
the inlet and the settling chamber. The exit of ths passage through
the model consists of a varlable throat to permit control of the
pressure in the settling chamber.

During the tests of each model configuration, measurements of
the total-—pressure recovery for lncremental changes in the total
pressure of the Jet or in the area of the exlt throat were made with
the model at an angle of attack of 0°. Anmular nozzles of two sizes
were tested at three posltions relative to the duct inlet. The
nozzle throats were 0.0045 inch and 0.0090 inch in width, and the
expansion ratlio of both was 2.0, the area ratio that theoretically
produces an outlet Mach mumber of 2.20. The ocutlets of the nozzles
were moved from the statiorn of the duct inlet by screwlng the
central body forward on its supporting tube. As a result, the area
of the annuiaxr duct entrance was lincreased, but since the projected
frontal area (0.2209 sq in.) was the same in each case, it has been
used as the 1nlet area A,. .

O *
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High-preassure alr was supplied to the nozzle through the piping
arrangement shown in flgure 1 by an air bottle located outslde the
wind tunnel. Since the pressure losses through the plpe were
negligible, the total pressure of the alr flowing through the nozzle
was equal to that measured by the Bourdon gage of the pressure—
regulating valve, The stagnation temperature of the ejected alr
was measured by & thermometer placed in the settling chamber of the
supply line and was found to be nearly constant during a test. The
rate of alr flow through the nozzle was measured by weighing the air
bottle before and sfter a test and timing The period during which
the quick—-acting release valve was open.

RESULTS AND DISCUSSION

Since an investigation in the 8- by 8-inch supersonic wind tunnel
mast be performed at a relatively amall scale, any phencmena in which
viscous effects are pronounced must Include a conslderation of the
Reynolds number of the.test and of the intended application. In the
followlng discuseion, the results of the tests are described, ths
date are evaluated in terms of a hypothetical propulsive system, and
predictions are made to estimste the performance under full—secale
flight condlitions.

" Wind~Tunnel Data

As shown in figure 3, a large Improvement 1n the recovery of
totel pressure can be produced by ejJecting high—velcocity air into
the boundary layer upstream of an annular duct inlet. The total
pressure of the air ejJected through the nozzle during the tests
was limited by the strength of the model. When this pressure was
the maximum, the total-pressure ratio Hé/Hé_ wasg approximately 5.5.
This ratloc represents the campression ratlo that would be required
of the compressor of a turbo-Jet engline to produce the conditions
of the tests, assuming negligible pressure losses between the
compressor and the nozzle. For this condition, the maximum total—
pressure recovery (Hs/Ho)max at a free—stream Mach number of 1.36

is 94 percent, and at a Mach number of 2.0l, it is 58 percent. The
improvement 1s greatest at low supersonic speeds, and 1t decreases
as the Mach number of the free stream approaches that of the Jet.
The ratio (Hg/Ho)may 18 thet attained at the optimum setting of

the variable exit throat of the model. Figures showin§ the
variation of total—pressure retio with mass—flow ratlo ml/mo

iThe mass—flow ratio is defined as the total mass of alr that snters
the inlet minus the mass of alr ejected from the nozzle divided by

the mass thet flows through a tube of the same area as the inlet in
the free stream.
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from which the maximum values were cbtained are not shown 1n the
present report. Except for larger total-pressure retios, the
curves are aimilar to those for model B of reference 1.

The posltion of the nozzle outlet with respect to the duct
iInlet has & small effect upon the maximum total-pressure ratio. As
shown in figure 3, the pressure recovery 1s a few percent greater
when the outlet 1s 0.250 inch shead of the duct entrance than when
it 1s flush with the inlet or at a position 0.340 inch upstream.

The increase 1n the maximmm total-pressure recovery resulting
frow an increase in the ratio of the total pressure 1n the Jet to
that in the free stream 1s shown in figure 4. These date were
obtained with the Jet in the most favorable positlion testsd., The
ratlo of the total pressure I1n the Jot to that after diffusion
through the inlet (H/Hs) 1s also shown. As the pressure of the
elr in the Jet 1s incressed, the meximum total-pressure ratio
(Es/Eo)mey 1ncresses slowly, then rapidly, and finally more slowly
again as it approsches the maximum valus. As suggested by schlieren
photogrephs that are presented later and as indicated by theorstical
considerations, the caves of this variation 1s the relationship tetween
the shape of the Jet and the mixing of the Jet and the boundary layer.
When the pressure ratilo Hz/Hb is small, the statlec pressure of the
eJected alr 1s less than the statlic pressure of the edjoining stream.
As a result, the boundsry of the Jet is convergent near the outlet,
and the Mach rumber of the 2ir flowing into the duct 1s relatively
high tecause of the expansion caused by thls convergent boundary.
For such conditions, the Jet produces very little improvement in the
pressure recovery. As Hé/Hb 1s increased, the statlec pressure in
the Jet and 1n the adjoining stream become equal. Then, the boundary
of the Jet ls parellel to the stream dlrection, the average inlet
Mach number 1s reduced, and the pressure recovery is lmproved. The
total—pressure ratios Hé/Hb at which this conditiaon occurs have
been estimated from theorstical considerations, and are shown in
figure 4. When the total-pressure ratlo acrosa the nozzle is
increased further, the Jjet boundary is divergent, and an oblique
shock wave coriginates from the outlet. Consequently, the inlet Mach
number 1s further reduced, and the pressure recovery is again
improved. It is also possible that the mixing betwesn the Jet and
the boundary layer increases &s the shepe of the Jet changes from
convergent to dlvergent and thus augments the varietion of pressure
recovery with nozzle—pressure ratio. Eventuslly, the oblique shock
wave would become a detached normal wave, but before such a change
can occur, the pressure rise through the oblique wave becames
pufficlently large to cause the boundary layer to thicken upstream
of the nozzle outlet. As thle occurs, the obligue ghock wave moves
forward and the boundery layer behind 1t thickens still more because

counmessend’ ,
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of the rise 1n pressure. Then, more retaerded alr flows through the
inlet, and the rate of lncrease 1n the maximwm total-pressure
recovery decreases.

In order to show the effects of nozzle size, the variation of
maximm total-pressure ratlio with the ratlio of +he mass of air
flowling through the Jjet to that of the free stream flowing through
the duct inlet is shown in figure 5 for the two nozzles tested.
Doubling the mass of air in the Jet by doubling the size of the
nozzle has very llittle effect upon the total—pressure recovery.
This fact suggeets that nozzles smaller than those of the tests
wilth correspondingly smsller mass flowas might produce the sams
pressure recovery. However, no tests could be made of such models
because of the difficulties involved in accurately conatructing &
smeller nozzle. o .

Schlleren photographa of the flow at a Mach nuxber of 1.70 with
the Jet operating at a nozzle-pressure ratio EQ/EO of 3.05 are -
shown in figure 6 for verious outlet-inlet area ratlios As4/A;. The
general nature of the flow is the same as that described in refer—
ence 1. At outlet—inlet area ratlios above 1.15, the flow through
the inlet is supersonlc and the mage—flow ratioc 1 nearly constant.
An oblique shock wave occurs at the lip of the det outlet because
of the deflection of the stream resulting from the divergent
boundary of the Jet. Reducing the outlet—inlet area ratio increases
the total-pressure recovery to the maximum velue, and a further
reduction causes the flow to fluctuate as shown in the photographs -
teken consecutively at an area ratio of 0.94. These Plctures shcw
that the Jet prevents the violent separation of the boundary layer
that occurs at the corresponding area ratios, but at lower total— . :
pressure ratios, with the models of Yeferences 1 and 2., Further
reduction of the outlet area causes the boundary layer to separate
as with the other models. The boundary layer separates upstream of
the Jet outlet, & fact whichk indicates thal the influence of the
adverse pressure gradient resulting from the deceleration of the
flow from supersonic to subsonic apeeds exterds through e subsonic
portion of the flow that has not beern mixzed with the supersonic Jet.

Schlleren photographs showing the effects of the total pressure
in the Jet are presented in figure 7 in order to substentiate the
explanation given for the shape of the curves of Ffigure L. When the
nozzle~pressure ratio HZ/HO "1s low, an expanslon 1s seen to occur
at the lip of the nozzle outlet. At the intermediate pressure ratio,
only very weak disturbances are visible, and at the maximm nozzle—
pressure ratlio, an oblique shock wave 1isg seen to originate from the
outlet. ’ ’
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Equivalent Pressure Recovéry

Although a large increase in the totel-pressure recovery is
produced. by ejecting high-velocity air into the boundary layer
upstream of & duect entrance, the thrust force created by a turbo-
Jet englne 1n & supersonic alrplsne would not be lnoreased corre—
spondingly. If the engline must furnish the air, all of the energy
avallable could not be converted intc thrust hecause some of the
power from the turbine would heve to be used in the reclrculation
process.

In order to compare the performance of an Inbake which utilizes
recirculated slr to delay separation of the boundary layer with that
of other types of inlets, an equlvalent total-pressure ratio of an
assumed propulsive system has been calculated. This "equivelent"
total~-pressure retlo is deflned as the pressurs recovery regulred of
the inteke for an englne having no reclrculation thet would produce
& thrust force equal to that of an engine utllizing recirculation,
provided that the seme mass of slr flows through both engines. The
following conditlions were assumed in the analysim:

1. The efficlencles of the compressors sre equal.
2. The flow through the compressors ls isentropic.

3. The compressor of the system having no recirculation
produces & compression ratic® of Lk.0.

Lk, The recirculated air is compressed to the pressure ratio
Hz/Ea of the test results, and the pressure losses in the
reclrculating system are negligible.

5. The energy availeble from the two turblnes 1s the same
whether alr 1s recirculated or not, and the thrust of the engines
is proportional to the product of the respective total—pressure
ratios across the inteke systems and the pressure ratios of the
campressors.

6. The static temperaturse of the air in the free stream is
—67° ¥, the temperature in the isothermal atmosphere.

The computations were made in three steps:

2The compression ratic is defined as the total pressure at the outlet
of the compressor divided by the totel pressure at the lnlet of the
campressor,

—
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1. The work requlred to compress 1 pound of alr per second
through a campression ratio of 4 was calculated by the method of
reference 3. This amount of work is constant for all conditlons
at a given stagnation temperature, or Mech number, and represents
the power required from the turbine.

2. The difference between the power required from the turbine
ag determined in step 1, and the power used in compressing the
recirculated ailr was used to compute the reduced compresasion ratlo
of the compressor of an engine utilizing recirculation.

3., The equivalent total-pressure recovery was then calculated
by multiplying the meesured pressure recovery of the inlet through
which air was recirculated by the reduced compression ratic (step 2)
and 'dividing by the original ratio of k.

Therefore, the feasiblllity of a propulsive system in which some of
the alr 1le recirculated depends upon whether the lmprovement In the
measured recovery overcompensates for the decreese in the campression
ratio of the compressor.

The equivalent total-pressure ratios that correspond to the
conditions of figure $ for the nozzle having a throat width of
0.0045 inch are shown in figure 8. The results for the nozzle
having a 0,0090—=inch throat are not shown because the mass of air
that must be recirculated to produce a given pressure recovery ls
nearly twice that of the smaller nozzle; therefore, the equlvalent
total-pressure retio 1s much smeller. The maximur eguivalent
recovery for the Mach number range of the tests occurs when the
mass of alr expelled is about 1L percent of the mass of free—stream
alr that flows through the inlet.

The varlation with free-stream Mack number of the maximum equiva—
lent total-pressure ratlio and the recovery measured at ths correepond—
ing recirculated mass-flow ratic are shown in figure 9. The eguiva~
lent recovery is about 8 percent greater than the total-pressure
ratlio of a model having no alr ejected intoc the boundary layer. This
improvement is about equal to that attalned by a model having an annular
entrance with 5° ramp. (See reference 2.) Although this increase in
the pressure recovery appears smell and not worth the camplication of
the ducting required to recirculate the air, the equivalent total-
pressure retio atteined at a larger scale willl probably be somewhat
larger.,

Scale Effects

If the tests were performed under full—scale flight conditions,
it 1s probable that the equlvalent total—pressure recovery would
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approach the maximum total-pressure ratios measured in the wind
tunnel. Assuming that the same type of flow exists 1n elther case,
the thickness of the boundary Jayer on the smell model 1s larger in
proportion to the size of the model than 1t would be on an airplans
in flight. The Reynolds number of the flow over an equivalent
airplane heving a forebody diemeter of 6 feet and flying at a Mach
number of 1:70 at an altitude of 60,000 feet would be &bout 13 times
that occurring in the wind—tunnel tests. The ratlo of the boundary—
layer thickness at corresponding longlitudinal stations to the
forebody diameter would be about a quarter of that of the small-
scale model 1f the houndary layer, as In the model tests, were laminar,
Assuming that the same ratio of the mass of alr in the boundary
layer to the mass of alr in the Jet would be required, roughly one—
fourth of the mass ratio mo/m; 1indicated in the wind—tunnel tests
would be required to produce a glven pressure recovery in flight.
For such a reduction 1n the mass of the recirculated alr, -the equivea—
lent pressure recovery would surpass the measured recovery of & duct
system having no reclirculation by about 1T percent. As suggested by
the data of figure 5, a proportionately smaller nozzle than that of
the wind—tunnel tests might be used on & larger installatlon to
produce the same maximm total-pressure ratloa. If so, less ailr
would be recirculated eand the equlvalent recovery would be still
larger. -

CORCLUSIONS

Tests at Mach numbers between 1.36 and 2.0l of & model having a
nozzle upstream of an annular duct Ilnlet for the purpose of eJecting
high-velocity alr into the boundary layer of the flow along the
forebody have shown the followling effects:

1. The meximm totael-pressure ratlo attainable after diffusion
is greater than that of & comperable model having no alr eJected.

2. The causes of the greater recovery are the delay in the
separation of the boundary layer resulting from mixing between the
boundary layer and the Jet and also the reduction in the intake
Mach number caused by an oblique shock wave origlmating from the
nozzle outlet when the free boundery of the Jet is divergent.

3. If the high-pressure air elected through the nozzle were
supplied by the compressor of an assumed turbo—Jet engine, the
Tressure recovery effective in producing thrust is about 8 perceut
greater for an engine that utllizes recirculation than for an engine

thet does not. -

Ames Aeronautical ILeboratory,
National Advisory Comrittee for Aeronautics,
Moffett Field, Calif.

.
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Figure l.— Model installation in the Ames 8- by 8-inch supersoniec wind tumnel.
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Figure 6.— Schlieren photographs of the flow at & Mach number
of 1.70 about the model with various ocutlet—inlet area ratios.
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